The biosynthetic pathways of the thiazole moiety of thiamin were studied in the archaeon Halobacterium salinarum. Thiamin is generated by the union of 4-amino-5-hydroxymethyl-2-methylpyrimidine (pyrimidine) and 5-(2-hydroxyethyl)-4-methylthiazole (thiazole). The biosynthesis of thiazole is different in facultative anaerobes, aerobes and eukaryotes. In eukaryotes, the C-4, -4′, -5, -5′ and -5″ of the thiazole is biosynthesized from nicotinamide adenine dinucleotide (NAD), with cysteine as S donor and the C-2 and N atoms of glycine. In facultative anaerobic bacteria, such as Escherichia coli, the precursors of the thiazole are the N and C-2 atoms from tyrosine and C-4, -4′, -5, -5′ and -5″ from 1-deoxy-dxylurose-5-phosphate, again with cysteine as S donor. In aerobic bacteria, such as Bacillus subtilis, l-tyrosine is replaced by glycine. In Archaea, known as the third domain of life, the biosynthetic pathway of thiamin has not yet been elucidated. In the present study in the archaeon H. salinarum, it was shown that both the N and C-2 from glycine are incorporated into the thiazole, rather than the N atom coming from l-tyrosine. These results show that thiazole biosynthesis in H. salinarum more closely resembles the biosynthetic pathway found in eukaryotes.
J Nutr Sci Vitaminol, 61, [270] [271] [272] [273] [274] 2015 Thiamin is essential for nutrition in all organisms. It is generated by the union of 4-amino-5-hydroxymethyl-2-methylpyrimidine (pyrimidine) and 5-(2-hydroxyethyl)-4-methylthiazole (thiazole) ( Fig.  1 ) (1) (2) (3) (4) (5) . We have previously reported that the biosynthetic pathways of the pyrimidine differ between eukaryotes and prokaryotes (6) . In prokaryotes, the pyrimidine is synthesized from 5-aminoimidazole ribonucleotide (AIR), an intermediate of purine biosynthesis (7) (8) (9) . The pyrimidine is formed by ring expansion of imidazole with the insertion of the C-4′, C-5′ fragment of the ribose residue of AIR (10, 11) . In eukaryotes, we have shown that the N-3, C-4 and amino-N atoms of the pyrimidine are derived from the N-1, C-2 and N-3 atoms of the imidazole ring of histidine as a unit (12, 13) , while a unit consisting of C-2′, C-2, N-1, C-6, C-5 and C-5′ from pyridoxine is incorporated into the same location in the pyrimidine (14, 15) .
The biosynthetic pathway of the thiazole is also different between facultative anaerobic bacteria, aerobic bacteria and eukaryotes (16) . In facultative anaerobic bacteria, such as Escherichia coli, the thiazole is derived from tyrosine (17) (18) (19) ) and 1-deoxy-d-xylurose-5-phosphate (20) and several enzymes are involved in thiazole synthesis (21) (22) (23) (24) , while in aerobic bacteria, such as Bacillus subtilis, glycine is used as a precursor instead of tyrosine (16) . However, although the precursors (glycine and tyrosine) may be different, the enzymes concerned with thiazole synthesis are similar in all prokaryotes (25, 26) .
In the eukaryote Saccharomyces cerevisiae, the thiazole is synthesized from glycine (16, (27) (28) (29) (30) ) and 1-deoxy-2-pentulose phosphate (31, 32) , as in aerobic bacteria. A recent study has revealed that the five-carbon unit of the thiazole is derived from the ribose moiety of nicotinamide adenine dinucleotide (NAD) and that only one enzyme, thiazole synthase THI4p, is involved in thiazole synthesis (33) . The precursors of the thiazole, glycine, cysteine and pentulose phosphate are similar in eukaryotes and aerobic prokaryotes. However, the enzyme concerned and the mechanism of action are different, making the biosynthetic route of thiazole distinctly different in prokaryotes and eukaryotes.
Archaea have some biochemical properties in common with eukaryotes and some with prokaryotes. Metabolic systems and energetic processes are closer to those of prokaryotes while transcription and translation systems are closer to those of eukaryotes. The biosynthetic route of thiamin in archaea has not yet been elucidated and may provide important information on the evolution of these organisms.
Materials and Methods
Materials (34): l-alanine, 43 mg; l-arginine, 40 mg; l-cysteine hydrochloride monohydrate, 5 mg; l-glutamic acid, 130 mg; glycine, 6 mg; l-isoleucine, 44 mg; l-leucine, 80 mg; l-lysine monohydrochloride, 85 mg; l-methionine, 37 mg; l-phenylalanine, 26 mg; l-proline, 5 mg; l-serine, 61 mg; l-threonine, 50 mg; l-tyrosine, 20 mg; l-valine, 100 mg; CaCl2·2H2O, 0.07 mg; CuSO4·5H2O, 5 mg; FeCl3·6H2O, 0.23 mg; KCl, 100 mg; KH2PO4, 15 mg; K2HPO4, 15 mg; NaNO3, 10 mg; MgSO4·7H2O, 2 g; MnSO4·5H2O, 30 mg; NaCl, 25 g; tri-sodium citrate dehydrate, 50 mg; ZnSO4·7H2O, 44 mg; water, 100 mL; and 0.1% w/v glycerol pH 6.6 with 50% w/v KOH. H. salinarum was grown in this medium at 37˚C under aerobic conditions for 4 d, with the addition of appropriate tracers at a concentration of 1 mm.
Extraction and purification of thiamin and analysis of the thiazole. After cultivation, cells were obtained by centrifugation (8,000 3g for 10 min). Cells were washed with 25% saline and suspended in approximately 10 mL of water. The suspension was combined with 0.1 mL 12 m HCl and heated in a boiling-water bath for 10 min to extract thiamin and its phosphates from the cells. The heated mixture was adjusted to pH 4.5 with 1 m NaOH and the cell debris removed by centrifugation. The supernatant fluid was incubated with 100 mg of Takadiastase at 47˚C for 2 h to hydrolyse phosphorylated thiamin into free thiamin. Thiamin was purified by Amberlite CG-50 column chromatography and degraded with sodium bisulfate to thiazole (5-(2-hydroxyethyl)-4-methylthiazole) and pyrimidine sulfonate (4-amino-2-methylpyrimidyl-5-methanesulfonic acid). The thiazole moiety was extracted with trichloromethane before the addition of trifluoroacetic anhydride. The thiazole trifluoro-derivative was analyzed using a JEOL gas chromatography-mass spectrophotometer (GC-MS) with a DB-5 fused silica capillary column (Agilent J&W, 30 m30.25 mm ID, 0.25 mm film thickness). Analytical conditions have been described elsewhere (35) . The oven temperature was increased from 100-120˚C at 5˚C/min, 120-140˚C at 1˚C/min and 140-260˚C at 12˚C/min and kept at 260˚C for 10 min.
The cell debris was hydrolysed with 6 mol/L hydrochloric acid at 105˚C for 12 h. The hydrochloric acid was removed by evaporation and amino acids were derivatized to ethoxycarbonyl ethyl esters (36) and analyzed by GC-MS. Figure 2 shows the mass spectrum of authentic thiazole. Analysis of the fragmentation of the thiazole is based on a report by White and Rudolph (19) . The molecular ion is at m/z 239, the base peak is at m/z 125 and the major fragment ion is at m/z 112. As the base peak m/z 125 has a side ion peak at m/z 124, it is difficult to measure accurately the incorporation of stable isotopes in the base peak. So the major fragment at m/z 112 was used to measure the incorporation of tracers. Table 1 .
Results and Discussion
Over 35% of the labels at the C-2 and N atoms of the glycine molecule were incorporated into the thiazole. However, the nitrogen atom of tyrosine was not incorporated. After each tracer had been added to the medium, the labelled atoms of amino acids in cell protein were calculated. The incorporation rate of the label of [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]-glycine was 37.0% into the thiazole, 33.0% into glycine in protein, and 1.27% into tyrosine in protein. The incorporation rates of thiazole and glycine in protein were therefore very similar. Similarly, the incorporation rate of the label of [ Eukaryotes and aerobic bacteria such as B. subtilis both use glycine as a precursor of thiazole (16) . However, the biosynthetic mechanisms of thiazole in these The rates of incorporation of thiazole and the amino acids glycine and tyrosine into the cell were measured by GC-MS. The incorporation rates were calculated by subtracting the natural abundance ratios of thiazole or amino acids, respectively. Fig. 3 . The thiazole biosynthesis pathways in prokaryotes and eukaryotes. ThiO is used instead of ThiH and ThiI is not essential in B. subtilis. THI4p is the only enzyme that acts as a thiazole synthase in S. cerevisiae. groups of organisms are totally different (Fig. 3) . In S. cerevisiae, THI4p is known to be the only enzyme concerned with thiazole biosynthesis (33) . However, thiazole biosynthesis in prokaryotes is complex and requires several different enzymes. In E. coli, for example, it is catalyzed by ThiS, ThiF, ThiI, IscS, ThiG, and ThiH (21) (22) (23) (24) , while in B. subtilis, it is catalyzed by ThiS, ThiF, IscS, ThiG, and ThiO instead of ThiH (25, 26) . The biosynthetic mechanism in B. subtilis otherwise resembles that of E. coli. In this study, it was shown that the C-2 and N atoms of thiazole are derived from the C-2 and N atoms of glycine in H. salinarum. These precursors are thus the same as those of B. subtilis and eukaryotes. However, the biosynthetic mechanism of thiazole in H. salinarum had not been examined.
A (37) . The similarity of HVO_0665 and ribulose-1,5-biphosphate synthetase was 84%. Therefore, it is suggested that the thiazole biosynthesis in H. salinarum resembles the biosynthetic route of thiazole in S. cerevisiae and the ribulose-1,5-biphosphate synthetase of H. salinarum is putatively a thiazole synthase like THI4p (33) . The similarity between THI4p and ribulose-1,5-biphosphate synthetase suggests that the latter may be a bifunctional enzyme, being not only a ribulose-1,5-biphosphate synthetase but also a putative thiazole biosynthetic enzyme in H. salinarum.
To summarize, thiamin is an essential cofactor involved in glucose metabolism and is synthesized in both plants and microorganisms. The biosynthetic pathway of thiamin is, however, quite different in eukaryotes and prokaryotes. In archaea, the third domain of life, the mechanisms involved in metabolism and energy production resemble those of bacteria while the mechanisms of gene translation resemble those of eukaryotes. In this study, the biosynthetic route of the thiazole moiety of thiamin in H. salinarum was found to be most similar to that of S. cerevisiae. As biological phenomena provide clues as to the metabolic evolution of life, this indicates that archaea are closer to eukaryotes than prokaryotes in evolutionary terms under aerobic conditions. We have recently reported on an archaeal thiamin phosphate synthase (38) , but this is the first report on a precursor of the thiazole moiety of thiamin in archaea.
